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Synthesis of Curved CuIn1-xGax(S1-ySey)2 Nanocrystals and Complete 
Characterization of their Diffraction Contrast Effects  
Claudia Coughlan,† Yina Guo,† Shalini Singh,† Shohei Nakahara,†§ Kevin M. Ryan†* 
†Department of Chemical Sciences and Bernal Institute, University of Limerick, Limerick, 
Ireland. 
§ Department of Physics and Energy, University of Limerick, Limerick, Ireland. 
*To whom correspondence should be addressed: E-mail: Kevin.M.Ryan@ul.ie 
ABSTRACT: Herein, we report the synthesis and complete structural characterization of curved 
CuIn1-xGax(S1-ySey)2 (x = y = 0.5) nanocrystals, which adopt a 2D nanoplate morphology and 
crystallize in the hexagonal wurtzite phase. A detailed transmission electron microscopy (TEM) 
analysis reveals that the 2D nanoplates are predominately [001]-oriented and exhibit a unique 
bend contour pattern, due to curvature on the (001) basal plane. The contrast behavior of bend 
contours in this system is further supported through specimen tilting experiments inside the 
TEM, in combination with dark-field (DF) imaging in both TEM and scanning TEM (STEM) 
modes. This bending is believed to originate from the proximity effect of the top and bottom 
(001) surfaces. 





 materials have high absorption coefficients and high radiation 
stability and are potential building blocks for photovoltaic, thermoelectric, and optoelectronic 
devices.1,10-12,22-29 The ability to tune the chalcogen ratio in these systems can allow a facile 
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approach to tune the band gap over a fixed range.30 We have shown with Cu2ZnSn(SSe)4 
(CZTSSe) crystals that directly controlling the sulfur/selenium ratio during the nanocrystal 
growth not only affects the composition, but also impacts the obtainable nanocrystal shapes.31 
Herein, we report the growth of colloidal CuInGa(S1-xSex)2 (CIGSSe) semiconductor 
nanocrystals crystallizing in the hexagonal wurtzite phase. The wurtzite phase offers more 
flexibility for stoichiometry control, compared to the chalcopyrite phase, due to the ability of the 
Cu, In and Ga cations to occupy the lattice in a disordered manner, and this offers a broad range 
of possibilities for compositional and morphological control in the resultant nanocrystals.1 In this 
report, we observed that the incorporation of selenium in colloidal semiconductor CIGSSe 
nanocrystals gives rise to the formation of hexagonal nanoplates, which have a pronounced and 
reproducible curvature on the (001) basal plane in the wurtzite phase. Moreover, we show how a 
detailed analysis of TEM diffraction contrast effects can be used to successfully characterize the 
geometry of the nanoplates.  
Diffraction contrast is an important effect in the TEM imaging of lattice defects such as 
dislocations, stacking faults and phase boundaries.32 It is a special form of amplitude contrast, 
where the scattering occurs at specific Bragg angles, due to the coherent elastic scattering of 
electrons from their interaction with a non-planar specimen. Bend contours, which appear as 
broad dark bands in the bright-field (BF) TEM image, are diffraction contrast effects that occur 
in warped or buckled samples of constant thickness. In particular, the effects occur due to a 
change in orientation of specific sets of planes within a sample, relative to the direction of the 
incident electron beam.33-36 In perfectly flat, single-crystal specimens, bend contours will not 
appear, as the atomic planes lie parallel to each other with no angular variations existing.37 
However, when a crystalline specimen is buckled, the planes deviate from their archetypal 
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parallel arrangement to each other, giving rise to small angles between the electron beam and the 
local atomic planes within the bend area of the crystal.33,34,37 This becomes further complicated 
for a specimen with three-dimensional bending, with both concave and convex surfaces greatly 
contributing to the diffraction effects, thus leading to the observation of star-like fringes with 
defined crossing points.37-39 
While bend contours are an artefact in TEM imaging, they provide invaluable information into 
the crystal structure and morphology of nanomaterials. Bend contours have previously been 
observed in single metal (i.e. Ag, Au, Pt) nanocrystals,38-40 as well as silver halide microcrystals 
that most commonly form in the cubic crystal structure.41  They have also been observed in 
binary nanocrystal systems, specifically in ZnS42-44 and SnO2 nanoribbons,
45,46 SnS2 nanoplates
47 
and CdSe nanosaws48 with hexagonal crystal structures. To the best of our knowledge, this is the 
first observation of bend contours in a complex copper chalcogenide nanocrystal system, as well 
as the first report of CuIn1-xGax(S1-ySey)2 (x = y = 0.5) (CIGSSe) semiconductor nanocrystals 
crystallizing in the hexagonal wurtzite phase. The appearance of bend contours within this 
system is associated with local strains or residual stresses that are introduced during nanocrystal 
growth, and can be controlled by tailoring the reaction chemistry during the colloidal nanocrystal 
synthesis.  
RESULTS AND DISCUSSION: Figure 1 shows the synthesis result of CIGSSe nanocrystals, 
which were formed in a colloidal hot-injection approach. In this particular approach, the sulfur 
and selenium precursors (1-dodecanethiol (DDT) and diphenyldiselenide (DPDSe), respectively) 
were injected into a flask containing the cationic precursors (CuI, In(acac)3, Ga(acac)3), in the 
presence of trioctylphosphine oxide (TOPO) and 1-octadecene (ODE) solvents. A BF-TEM 
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image of the resultant CIGSSe nanoplates is shown in Figure 1a, in which each nanoplate is 
observed to be hexagonally-shaped and exhibits distinctive ‘star-like’ dark bands inside each 
nanoplate. As will be shown below, these dark bands are actually bend contours and originate 
from bending of the nanoplates. These bend contours provide a sensitive visual indicator of the 
occurrence of deformations within the crystal lattice. From the higher magnification image in 
Figure 1b, the symmetry of the bend contours is similar and appears in all the nanoplates. At 
these locations forming the ‘star-like’ dark bands, electrons are strongly diffracted away from the 
objective aperture,49 thus giving rise to dark bands in the resultant BF-TEM image. The star-
shaped pattern, termed a zone-axis pattern (ZAP),33 originates from the [001] zone of a CIGSSe 
nanoplate. This indicates that the [001] orientation of this crystal has three-fold symmetry. In 
addition, the formation of the ZAP image is the consequence of the fact that the nanoplates are 
uniformly curved in the form of a thin contact lens. By using an annular dark-field (ADF) 
detector in the scanning transmission electron microscopy (STEM) mode, it was possible to 
obtain an image which was complimentary to the BF image, shown in Figure 1c, as this mode 
allows all the diffracted beams to be collected simultaneously whilst excluding the transmitted 
beam.  
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Figure 1. (a) BF-TEM image showing a collection of CIGSSe nanoplates. (b) Higher 
magnification TEM image of three individual nanoplates, with a schematic diagram of the 
contrast in this mode shown in the inset. (c) Annular dark-field (ADF) STEM image showing the 
reverse contrast in the ADF mode, with an image diagram in this mode shown in the inset. (d) 
BF-TEM image of an individual nanoplate, with changes in the surface morphology evident due 
to the discontinuities of the dark bands. (e-f) Elemental line scan analysis taken across a CIGSSe 
nanoplate, with consistent signals for Cu (red), In (green), Ga (blue), S (cyan) and Se (magenta) 
detected throughout the nanoplate.  
A careful examination of the BF image (Figure 1b) and the ADF image (Figure 1c) indicates that 
there is exact dark-to-white contrast reversal in the bands between the BF and ADF images, in 
which the dark bands in the BF-TEM mode appear as bright bands in the ADF-STEM mode. For 
clarity, a schematic diagram for the contrast reversal is shown in the inset of Figure 1b and 
Figure 1c. A slight discontinuity of the dark bands is evident in Figure 1d, which indicates that a 
change in the surface morphology appears to occur at these locations. Similar discontinuities in 
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bend contours have been previously observed for single metal nanoplates.38 High resolution 
imaging of the central region of the nanoplate in Figure 1d is provided in the Supporting 
Information, Figure S1. Energy dispersive X-ray spectroscopy (EDX) analysis was conducted to 
determine the compositional uniformity and if any changes occurred in the elemental 
composition across the nanoplate. An EDX line scan was taken along a line starting from a point 
X to Y, as shown in the ADF image in Figure 1e. Variations in the peak intensities of Cu L, In L, 
Ga L, S K, and Se L lines were recorded as a function of scan distance and direction. No 
significant differences in the distribution of the elements across the nanoplate were observed, 
with consistent signals for Cu, In, Ga, S and Se maintained throughout the nanoplates, as shown 
in Figure 1f. These scan results indicate that the composition is uniform within the nanoplate, 
regardless of curvature. Additional EDX line scan analysis was conducted across different 
regions of the nanoplate (Supporting Information, Figure S2), which similarly confirmed that no 
compositional inhomogeneities existed across the nanoplate. This indicates that the contrast 
observed in the nanoplate samples does not arise from differences in the chemical composition 
and suggests that it arises purely from diffraction contrast effects.  
From the polycrystalline selected-area diffraction (SAD) pattern (Figure 2a), seven distinctive 
rings are evident in the pattern, and can be indexed to the (100), (002), (101), (102), (110), 
(103), and (112) planes in a hexagonal crystal lattice. Furthermore, the hexagon structure of the 
nanoplates resulted in an increased intensity being observed in the SAD pattern for the (100) 
and (110) planes. The type of crystal structure and its lattice can be correlated with x-ray 
diffraction (XRD) data, as shown in Figure 2b. The relative intensity values, d-spacings and 
corresponding reflections are listed in Table S1 in the Supporting Information. From the XRD 
spectrum, it was inferred that the nanocrystals crystallize in the hexagonal wurtzite structure with 
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the space group of P63mc (No. 186), and have lattice constants of a = b = 0.38998 nm and c = 
0.63436 nm. Based on the intensity of the diffraction peaks, the sample principally consists of 
wurtzite phased nanocrystals. However, upon closer inspection, an increased intensity of the 
(002), (110), and (112) wurtzite derived planes is noted. This is due to peak overlap with the 
(111), (220), and (311) cubic planes, and this observation, coupled with the appearance of a 
peak at 32° 2θ (characteristic of the (200) plane in a cubic lattice), reveals that there is a minor 
contribution from the cubic zinc phase in the pattern. This contribution from the cubic zinc 
blende phase is attributed to nanoparticles, which form in parallel in the nanocrystal synthesis (as 
shown in the Supporting Information, Figure S3). The presence of these additional peak 
contributions in the XRD pattern also entails the possibility of polytypism in the nanocrystals, 
i.e. the co-existence of two crystal phases in separate domains of the same crystal. This 
possibility is not overlooked, with subsequent detailed TEM and electron diffraction analysis 
verifying that the nanoplates are indeed, single crystalline, wurtzite-derived structures 
A compositional analysis by EDX (Supporting Information, Figure S4) shows that the atomic 
ratio of the elements was determined to be Cu: 24.90, In: 15.20, Ga: 12.40, S: 38.40, Se: 8:70 
(therefore, S+Se: 47.10). The high atomic % of sulfur is attributed to the use of 1-dodecanethiol 
(1-DDT) in the reaction, which serves a dual function as a sulfur source and it also acts as a 
surface ligand. To report the experimental data in the stoichiometric ratio, it would be; Cu: 1, In: 
0.61, Ga: 0.5, S+Se: 1.9, which correlates well with the expected Cu: 1.0, In: 0.5, Ga: 0.5, S+Se: 
2.0 stoichiometry for the Cu(In1-xGax)(S1-ySey)2 crystal, where x = 0.5 and y = 0.5. In the EDX 
spectrum, signals from carbon, oxygen and nickel were also detected, due to the TEM grid 
support materials and the Ni specimen grid used for the analysis. XPS analysis was conducted to 
establish the surface composition and to provide quantitative data on the atomic composition and 
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the binding states of its constituents (Supporting Information, Figure S5). The survey spectrum 
of the CIGSSe nanoplates identified the presence of Cu, In Ga, S, Se. Peaks for C, O, N, and P 
were also detected in the XPS spectrum and were attributed to the different functional groups of 
ligands present on the nanocrystal surface during the growth of the CIGSSe nanoplates. Similar 
to the EDX results, a high atomic % of sulfur was also detected on the surface of the CIGSSe 
nanocrystals from the XPS spectra, which indicates the sulfur source (i.e. 1-dodecanethiol, 1-
DDT) is coordinated on the nanocrystal surface and also contributes to overall surface ligand 
coverage.  
 
Figure 2. (a) Selected-area diffraction (SAD) pattern identifying the seven distinctive planes in a 
hexagonal crystal lattice. (b) XRD pattern of CIGSSe nanoplates, in which reflections 
corresponding to the wurtzite phase are evident in the pattern (indexed in navy colour). 
Additional minor contributions from zinc blende phase nanoparticles are also evident (indexed in 
green), due to the parallel formation of nanoparticles in the synthesis. The letters ‘W’ and ‘C’ in 
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front of reflection refer to ‘wurtzite’ and ‘cubic’ structures, respectively. (c) Polycrystalline 
electron diffraction pattern based on XRD data. (d) Polycrystalline electron diffraction pattern 
based on a theoretical calculation. (e) Schematic representation of a nanoplate, indexed with the 
different planes in a hexagonal crystal system. 
To facilitate an easy comparison with the experimental SAD pattern from the TEM, a 
polycrystalline form of electron diffraction rings was produced from the XRD data (as shown in 
Figure 2c) and from a theoretical calculation (as shown in Figure 2d), where the width of the 
diffraction lines in Figure 2c and Figure 2d is taken to be proportional to their intensities. A 
comparison of both the experimental and theoretical patterns illustrates that the patterns are in 
good agreement. However, the theoretical pattern computed for the single crystal of CIGSSe is 
expected to be closer to the experimental condition for the TEM sample. For the theoretical 
pattern, a theoretical estimate of the electron diffraction intensity for the wurtzite crystal of 
CIGSSe was calculated by using the analytical form of atomic scattering amplitude (ASA), 𝑓𝑒 , 




, where x = sin  𝜃 𝜆⁄  and Aj, 
Bj are constants. The atom positions for Cu, Ga, and In are taken at ( 23 , 
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 + )  with 𝛿 ≅ 3
8
. From the atomic ratio of 
each element, the ASA for the former positions is taken to be the average of three atom 
compositions, i.e. 𝑓𝑒 = 0.5 𝑓𝐶𝑢 + 0.25 𝑓𝐼𝑛 + 0.25 𝑓𝐺𝑎  , whereas that for the latter is assigned to 
be the average of two atom compositions, 𝑓𝑒 = 0.5 𝑓𝑆 + 0.5 𝑓𝑆𝑒. From the above considerations, 
the relative intensity values, d-spacings, reflections (hkl), and extinction distances for the 
CIGSSe crystal were computed (as shown in the Supporting Information, Table S2) and this data 
was comparable to the experimental results obtained from the wurtzite XRD pattern (Supporting 
Information Table S1), except for the extinction distances.51 Based on the above results, we 
constructed an ideal form of a hexagonally-shaped nanoplate that is oriented in the [001] 
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direction with the three axes of a1, a2, and c, as shown in Figure 2e. Assuming that the edge 
planes are parallel to the c-axis, the edges of the hexagonally-shaped nanoplate become the 
prismatic planes, i.e. (100), (010), (1̅10), (1̅00), (01̅0), and (11̅0). Note that these planes are 
indexed according to the Miller indices of the hexagonal lattice system.  
Through dark field imaging, it was possible to illustrate the diffracting areas by selecting each of 
the diffracted beams in the SAD pattern, as an image is formed in this mode with only those 
electrons that have been diffracted at a specific angle. This is a particularly rapid and convenient 
method to determine the origin of the dark bands in the nanoplates. An individual nanoplate 
(shown in Figure 3a) was selected for this analysis, in which the presence of six strong and weak 
dark bands is visible. The splitting of the contours as they diverge from the central crossing point 
is easily identifiable and consistent for each nanocrystal, due to the fulfillment of Bragg’s law in 
a thin area of the crystal. By displacing the objective aperture and selectively allowing 
transmission of the corresponding diffraction spots (marked in Figure 3b), the bend contours 
could be individually imaged, as shown in Figure 3 (d-i) and correspond directly to those areas 
where Bragg’s law is exactly fulfilled. The corresponding bright band appears roughly 
perpendicular to the corresponding diffraction vector g in DF mode. Since each band in the BF 
image consists of a superposition of g reflections, there will be only three dark bands visible 
from six reflections. 
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Figure 3. Dark field imaging analysis of the bend contours. (a) Bright field TEM image of a 
single nanoplate. (b) Corresponding selected area diffraction (SAD) pattern with six reflections 
marked for the dark field images. (c) Simulated SAD pattern to confirm the correct designation 
of the different planes. (d-i) Dark field analysis of each contour by displacing the objective 
aperture to select each of the ±g reflections marked in the SAD pattern. 
 
A simulated/indexed SAD pattern viewed along the [001] direction is presented in Figure 3c to 
confirm the correct designation of the different planes. Moreover, the grey scale of each spot in 
the single-crystal simulation pattern represents the magnitude of the intensity. From dark field 
imaging, it was observed that the higher contrast bend contours (spots marked 1-3 in Figure 3b) 
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originate from the {110} family of planes, which constitute the outer hexagon of the SAD pattern 
in Figure 3b. Specifically, these dark bands originate from the (110), (12̅0), and (21̅0) 
reflections, as shown in Figure 3 (d-f), respectively. On the contrary, the weaker/lower contrast 
contours result from the {100} family of planes, constituting the inner hexagon (spots marked 4-
6 in Figure 3b) of the SAD pattern. These weaker band can be indexed to the (01̅0), (11̅0), and 
(100) reflections, as shown in Figure 3 (g-i), respectively.  
 
Additionally, bend contours can be unequivocally identified in TEM tilting experiments,33,49 as 
the particular positions of the bend contours are observed to move upon tilting the sample. Figure 
4a shows that three distinctive bend contours are evident in the nanoplate at the 0 ° tilt angle (i.e. 
before tilting), as a result of some planes exactly fulfilling the Bragg condition. A cross section 
of the specimen and the corresponding image at the center position is shown schematically in 
Figure 4b. The bend contours ultimately move towards the edge position after the sample is 
tilted, because the contours are not fixed to any particular position in the specimen.33,35 Thus, the 
Bragg condition is satisfied at a different location within the crystal and this causes the bend 
contour to shift to a new position in the image,33 as depicted in Figure 4c. To estimate the angles 
of crystal curvature from the ZAP image, a TEM tilt series was conducted in bright field mode 
by tilting an individual nanoplate in the range of -10 ° < θ < 10 °. From the top down view at 0 ° 
tilt (Figure 4a), the contours are cleanly split to form a star-like pattern and this indicates that a 
net curvature exists around the central crossing point. By tilting the nanoplate to + 3.0 ° in the 
positive direction (as depicted in Figure 4d), the crossing point of the bend contours is observed 
to move off the central region of the nanoplates and the direction of movement is perpendicular 
to the tilt axis (TA). Further increases in the tilt angle to + 5.0 ° (Figure 4e) and + 10.0 ° (Figure 
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4f) result in gradual rotations of the bend contours from the center of the nanoplate and towards 
the edge position.  
 
Figure 4. (a) BF-TEM image of a 110 nm sized bent nanoplate at the θ = 0 ° tilt angle (i.e. 
before tilting). (b) Schematic representation of the specimen cross section and the resultant 
image for a curved nanoplate at the center position, before the tilting experiment. (c) Schematic 
representation of the corresponding nanoplate cross section and image at the edge position, after 
the tilting experiment. (d-f) shows the corresponding BF-TEM images of tilting performed in the 
positive direction at θ = +3.0 °, +5.0 °, +10.0 °, respectively. (g-i) shows the results of tilting in 
the negative direction at angles of θ = -3.0 °, -5.0 °, -10.0 °, respectively.   
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In Figure 4f, the crossing point of the bend contours reaches the edge at a tilt angle of + 10.0 °, 
inferring that an angle of net curvature of ~ 10.0 ° exists in the nanoplate. Figure 4(g-i) shows the 
corresponding TEM images obtained by tilting the nanoplate at the same angular increments in 
the negative direction, to directly correlate the effect of tilting in this direction. At the tilt angle 
of 10.0 ° (Figure 4i), it is evident that the center point has moved towards the edge position, 
which similarly indicates an angle of net curvature of ~ 10.0 ° exists in the nanoplate for both the 
position and negative directions. As demonstrated here, the most convenient way of tracking the 
image change is by tracking the movement of the ZAP center to the edge position and recording 
the tilt angle, which ultimately allows for crystal curvature information to be extracted. 
Additional images highlighting the movement of the bend contours on two differently sized 
nanoplates as a result of tilting are shown in the Supporting Information, Figure S6 and Figure 
S7. A complete tilt series from -15.2 ° < θ < 15.2 ° on a collection of nanoplates is also shown in 
Figure S8. A simple geometrical analysis was used in tandem to describe how the tilt series 
provides information on the degree of crystal curvature, with full details provided in Appendix A 
in the Supporting Information. When the center moves to the edge of the crystal, the tilt angle 
becomes half the arc angle, as shown in Equation [A7] in Appendix A. The central angle (arc 
angle), 2α, for this CIGSSe nanoplate is 2α ; 10 ° and the radius of the curvature becomes  350 
nm, as derived from Equation [A8]. Using this method, we measured several nanoplates and 
found that the average central angle (i.e. the angle of curvature) lies in the range of 10 ° ± 2 °.  
 
A cross-sectional view of the CIGSSe nanoplates was examined to determine the nanoplate 
thickness and their uniformity. Most of the nanoplates were “stacked” on top of each other, as 
shown in Figure 5a. A white line at the interface can be observed between the nanoplates and is 
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classed as a voided region, whereby the nanoplates are not atomically welded together but appear 
to be joined loosely without any strong bonding. Bending to various extents can be clearly 
observed in the nanoplates located at the end of the stack, as marked with three white arrows in 
the BF-TEM image in Figure 5a.  
 
Figure 5. Side-by-side stacks of nanoplates. (a) BF-TEM where bending to various extents can 
be observed. (b) High-angle annular dark field (HAADF) image showing collections of 
nanoplates stacked side-by-side to one another. (c) High-resolution (HR-TEM) image of stacked 
nanoplates showing the (002) lattice image, which appears as the (002) basal plane in the inset 
fast Fourier transform (FFT) pattern. 
 
Although the thickness variation can be easily recognized in the high-angle annular dark field 
(HAADF) image in Figure 5b, the overall thickness is generally uniform and was determined to 
be ~ 8nm, based on a direct measurement of the side view of the nanoplates. In this particular 
analysis, side-by-side stacks of the nanoplates were imaged by drop-casting a solution of the 
sample onto holey carbon TEM grids. The nanoplates were subsequently found to deposit 
preferentially in a perpendicular orientation to the support film of the grid, which provided a 
convenient means to estimate the nanoplate thickness. A HR-TEM image of the lateral side of 
the nanoplates along the [001] thickness direction is shown in Figure 5c, with the inset FFT 
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revealing strong reflections associated with the (002) basal planes as a result of the 
perpendicular orientation of nanoplates on the TEM grid. The appearance of a well-defined 
lattice image further indicates that the (001) layers are well-ordered and free of defects. A 
scanning electron microscopy (SEM) analysis of the nanoplate samples was also conducted, in 
which the nanoplates are observed to adopt two orientations, either lying parallel or 
perpendicular to the underlying substrate (Figure S9 in the Supporting Information). Although 
the resolution on SEM is not as high as on TEM, a slight degree of curvature is evident on the 
nanoplates by zooming in on the marked regions in Figure S9. 
While the appearance of bending and bend contours in this system is particularly interesting, the 
presence of defects and strain centers in the crystal structure was investigated to determine if the 
bend contours are associated with local strains or residual stresses during the nanocrystal growth. 
One example of such a stress or defect is a stacking fault, which occurs when atomic planes 
within the crystal structure are abruptly displaced by a fraction of the interatomic spacing.49 
Figure 6a shows a SAD pattern obtained from an individual nanoplate, in which extra spots and 
streaks can be observed in the pattern. A schematic diagram of the SAD pattern in the [001] 
direction is shown in Figure 6b, to clarify the location of extra spots/ streaks in the experimental 
pattern.  
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Figure 6. (a) SAD pattern from a single CIGSSe nanoplate, in which extra spots and streaks are 
apparent in the pattern. (b) Schematic diagram of a SAD pattern viewed along the [001] 
direction. (c) DF image of the g1 reflection. (d) DF image of the g2 reflection. 
 
These extra spots/streaks are indicative of the presence of stacking faults in the nanoplates.32 
Since stacking faults introduce extra diffraction spots/streaks in the fundamental electron 
diffraction pattern, it was thought that the stacking faults may be present in the nanoplates. Using 
two of the extra spots, DF images of reflections corresponding to the ½ (12̅0) and ½ (100) 
reflections are shown in Figure 6c and Figure 6d, respectively, in which stacking faults (seen as 
white lines) were observed to be buried in the internal crystal structure. These faults were only 
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evident in DF mode and were not readily observed in the standard BF-TEM images. 
Interestingly, stacking faults in the wurtzite structure are known to form on the prismatic 
planes,52 which are the edge planes of the nanoplates. Thus, if the CIGSSe nanoplates contain 
stacking faults on the prismatic planes, these should run parallel to the nanoplates edges. In 
Figure 6c and Figure 6d, there is clear evidence of the stacking faults lying parallel to the edges 
of the nanoplates, which conclusively proves that the faults within these CIGSSe nanoplates are 
lying on the prismatic planes.  
To understand if bend contours can be influenced by changing parameters in the synthetic 
procedure, experiments were conducted to isolate the key control factors during the synthesis, 
which ultimately result in the formation of bend contours on the nanoplates. Interestingly, our 
observations show that the nature of the coordinating solvent used in the synthesis plays a key 
role towards the presence or absence of the resultant curvature. In the synthetic procedure 
employed in this report, two solvents were present in the reaction flask to dissolve the cationic 
precursors: trioctylphosphine oxide (TOPO) and 1-octadecene (ODE); which result in the 
formation of bend contours on the nanoplates with the ZAP image. In order to evaluate the 
contributions of TOPO (a coordinating solvent) and ODE (a non-coordinating solvent), 
experiments were conducted by solely investigating the effect of TOPO or ODE on the resultant 
nanocrystals. It was observed that TOPO alone induces the formation of non-uniform curved 
nanoplates (Figure 7a), which display elaborate bend contour effects on their surface, as shown 
in Figure 7b. The nanoplates in this particular experiment appeared to be more buckled, 
compared to using the solvent combination of TOPO and ODE, with XRD analysis (Figure 7c) 
indicating that the nanoplates crystallized in the hexagonal wurtzite phase.  
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Figure 7. BF-TEM images of CIGSSe nanocrystals synthesized in different reaction solvents to 
evaluate the effect and contributions of solvents used in the synthesis procedure. (a-b) TEM 
images of CIGSSe curved nanoplates formed with the use of TOPO as solvent, in which bend 
contours are evident on the nanoplate surface. (c) XRD analysis of CIGSSe nanoplates formed in 
TOPO solvent, with peaks indexed to the hexagonal wurtzite phase. (d-e) TEM images of 
CIGSSe nanoparticles formed with the use of ODE as solvent. (f) XRD analysis of CIGSSe 
nanoparticles, with peaks indexed to the cubic zinc blende phase. (g-h) TEM images of CIGSSe 
planar nanoplates formed with the use of OLA as solvent, in which no bend contours are evident 
on the nanoplate surface. (i) XRD analysis of CIGSSe planar nanoplates formed in OLA solvent, 
with peaks indexed to the hexagonal wurtzite phase. 
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By using ODE as a sole solvent, irregular-shaped nanoparticles were formed without the ZAP 
image, as shown in Figure 7d. In addition, no definite shape morphology was observed for the 
nanoparticles from the higher magnification image in Figure 7e. An XRD analysis of the 
nanoparticle sample (Figure 7f) indicated that the nanoparticles crystallized in the cubic zinc 
blende phase, which demonstrated that the use of different solvents in the synthesis affected both 
the nanocrystal morphology and the resultant crystal phase.  
The preference for nanoparticle crystallization in the zinc blende phase, in the presence of ODE 
solvent, can be attributed to the coordinating nature of the solvent. ODE is classed as a neutral 
non-coordinating solvent and so, it does not bind to the nanocrystal surface. This results in an 
increased cationic precursor reactivity and induces the formation of a large number of nuclei in 
solution because of the weak ligand strength to the metallic monomers.53,54 While the 
coordinating solvent, 1-dodecanethiol (1-DDT), is present in the reaction, serving a dual purpose 
as sulfur source and stabilizer, its coordinating ability is undermined by the high relative 
concentration of ODE in the reaction environment. The realization of fast nucleation in this 
reaction consequently suppresses nanocrystal growth, with the low concentration of monomers 
available for growth entailing slow growth condition. This condition favors the formation of the 
thermodynamically stable cubic zinc blende modification.53 Since TOPO (a coordinating 
solvent) induced the formation of curved nanoplates in the wurtzite phase, an alternative 
coordinating solvent, oleylamine (OLA) was investigated to determine if similar effects were 
observed with this particular coordinating solvent. However, flat/planar nanoplates were formed 
with the use of OLA, as shown in Figure 7g. Interestingly, no bend contours were evident on the 
nanoplates formed in this reaction (Figure 7h), and the planar nanoplates crystallized in the 
hexagonal wurtzite phase (Figure 7i). We hypothesized that the wurtzite selectivity in this 
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synthesis is enabled through the use of the coordinating solvent. Similar reports with amines 
playing a key role in the stabilization of the wurtzite phase have been observed in other copper 
based chalcogenide nanocrystal systems.7,53,55,56 The high bond strength between the cationic 
precursors and OLA resulted in a smaller amount of nuclei during the nucleation period, as they 
originated from a reaction between stable precursor-OLA complexes (i.e. CuI-OLA, In(acac)3-
OLA and Ga(acac)3-OLA complexes). The low monomer consumption during the nucleation 
period meant that a high concentration of monomers was available for the growth period,53 
providing conditions suitable to stabilize the metastable wurtzite phase and the attainment of flat 
nanoplates. To recap on the synthetic procedure employed in this report, two solvents (i.e. TOPO 
and ODE) were present in the reaction flask to dissolve the cationic precursors, which resulted in 
the formation of bend contours on the nanoplates. An additional experiment was conducted to 
determine the effect of having two coordinating solvents present in the reaction flask. 
Interestingly, when two coordinating solvents (i.e. TOPO and OLA) were present in the reaction 
flask, small curved nanoplates with diffraction contrast effects were obtained in the synthesis 
(Supporting Information, Figure S10), which indicated that a net curvature existed on the 
nanoplates. Even after the extended growth time of 60 mins, it was not possible to induce further 
curvature or increase the size of the resultant CIGSSe nanoplates. It is likely that the increased 
competition between both of these coordinating solvents inhibited further nanocrystal growth 
and may explain why larger nanoplates could not be generated in the TOPO and OLA reaction 
solvent combination. In addition, these ligands are likely to pack differently on the nanocrystal 
surface, as the long linear chains of OLA could pack more easily on a flat surface, whereas the 
bulky nature of TOPO would experience more steric hindrance and would pack more efficiently 
on a curved surface. Since TOPO was the component in common in both reactions which 
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generated curved nanoplates, it is rational to conclude that the phosphine oxide functional group 
in TOPO may have played a significant role in inducing the formation of [001]-oriented CIGSSe 
nanoplates with the ZAP image and causing strain in the internal crystal structure. It is 
interesting to mention that Chang et al. obtained nanocrystals of Cu(In0.5Ga0.5)(S0.5Se0.5)2 by a 
similar chemical synthesis,28 but did not find any curved nanoplates. Since their crystal was a 
chalcopyrite phase, it was further confirmed that the formation of the curved nanoplates requires 
the wurtzite structure.  
It has been shown from the TEM analysis that all the CIGSSe nanoplates lying flat on the 
carbon-coated nickel TEM grid are curved uniformly. One common feature of these nanoplates 
is that the curved surface is the (001) basal plane which exhibits a unique ZAP image. This 
plane may bear a close relationship to the occurrence of the curvature within the nanoplate 
structure. To further explore this hypothesis, the two {001} surfaces that bound the nanoplate 
were studied. A closer look at these surfaces reveals that they are polar in the wurtzite structure, 
in which one is positively-charged and the other is negatively-charged. In particular, the 
positively-charged surface consists of the metallic elements (i.e. Cu, In, and Ga), whereas the 
negatively-charged surface is covered with the non-metallic elements (i.e. S and Se). While the 
contribution of the polarity difference to the curvature is not clearly understood, we can however 
speculate that for the polarity difference to be effective, the thickness of the nanoplate must be 
thin, so that the proximity of two surfaces may contribute to the bending. If this speculation is 
correct, the polarity effect can be removed in the side-by-side nanoplate stacks by attaching the 
negative face to the positive face at this interface. In this scenario, the distance between the top 
and the bottom surface becomes further apart, thus reducing the surface proximity effect. The 
frequent appearance of nanoplate stacks indicates that an attractive force exists between the two 
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types of surfaces in the nanoplates. Thus, it is reasonable to assume that the proximity of two 
surfaces could be responsible for the bending.  
The geometry of the CIGSSe nanoplates can be explained from their crystal growth point. The 
ratio of the width to the nanoplate thickness indicates that the growth rate of the prismatic plane 
for the CIGSSe nanoplates is 10 to 25 times faster than that of the (001) basal plane. This large 
difference in the growth rate can be attributed to the different nature of the nanoplate surface. 
Since the prismatic planes are non-polar, ionic species (such as solvent molecules) in the 
synthesis solution may not alter the adsorption property, but could potentially have a significant 
effect on the (001) polar surface. It can be envisioned that the adsorption of certain ionic 
molecules used in the synthesis may have acted as a growth inhibitor and thus, contributed to a 
reduction in the growth rate of the (001) plane, which could be the slowest growth plane for this 
crystal. Alternatively, the prismatic planes are the fastest growth plane, and as a result of the 
nanoplate growing rapidly on the prismatic planes, the TOPO may bind to the metal rich face 
and force curvature on the resultant nanoplate. Thus, the energetic cost of incorporating stacking 
faults is offset by the additional passivation of more TOPO molecules on the surface of the 
nanoplate, and this hypothesis can explain the interesting curved morphology of the nanoplates 
reported herein.  
CONCLUSION 
In summary, the formation of CIGSSe 2D nanoplates via a colloidal solution synthesis approach 
is reported. Complete characterization of the CIGSSe nanoplates reveals that the nanoplates have 
an atypical curved surface and crystallize in the hexagonal wurtzite structure, with the 
stoichiometry of Cu(In0.5Ga0.5)(S0.5Se0.5)2. This curvature manifests as a regular diffraction 
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contrast effect in both BF-TEM and ADF-STEM mode, in which the nanoplates exhibit a unique 
zone-axis pattern (ZAP) associated with the [001] zone axis. The origin of the curvature is 
believed to originate from the proximity effect of the top and bottom (001) surfaces, which 
differ in surface polarity. The appearance of bend contours within this system is associated with 
local strains that are introduced during nanocrystal growth, and can be controlled by tailoring the 
reaction chemistry during the colloidal nanocrystal synthesis. 
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MATERIALS AND METHODS 
Materials. All reagents were used as received without any further purification. Copper (I) iodide 
(CuI, 99.999%), Indium (III) acetylacetonate (In(acac)3, 99.99%), Gallium (III) acetylacetonate 
(Ga(acac)3, 99.99%), 1-dodecanethiol (1-DDT, >97%), diphenyl diselenide (DPDSe, 98%), 
oleylamine (OLA, 70%, technical grade), trioctylphosphine oxide (TOPO, 99%) and 1-
octadecene (ODE, 90%, technical grade) were purchased from Aldrich.  
Synthesis of CIGSSe Nanoplates. For a synthesis of CIGSSe curved nanoplates, CuI (0.095g, 
0.5mmol), In(acac)3 (0.1030g, 0.25mmol), Ga(acac)3 (0.0918g, 0.25mmol), TOPO (0.6766g, 
1.75mmol) were added to a three-neck round-bottom flask. ODE (5mL) solvent was then added 
into the flask to dissolve the precursors. The contents of the flask were evacuated at 50 °C for 
30mins to eliminate adventitious water and dissolved oxygen. The reaction mixture was then 
heated to 250 °C (10 °C /min) under an argon atmosphere and at 175 °C, a mixture of 1-DDT 
(1mL), DPDSe (0.078g, 0.25mmol) and OLA (1mL) was rapidly injected into the system. After 
injection, the reaction was allowed to proceed for 25 minutes with continuous stirring. 
Subsequently, the heating mantle was removed and the reaction vessel was allowed to cool to 80 
°C.  
Washing Procedure and Size-Selective Centrifugation: 2-3mL of anhydrous toluene was 
added initially to quench the reaction. The nanocrystals were then washed in a 1:2 ratio of 
toluene to iso-propanol (IPA) and centrifuged at 4000 rpm for 7min. After this centrifugation, the 
supernatant was removed and the precipitated nanocrystals were re-dispersed in toluene and 
further washed in a 1:2 ratio of toluene to IPA and centrifuged at 4000 rpm for 7mins. After this 
centrifugation, the supernatant was discarded. At this stage, the precipitate contains two 
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morphologies – both nanoplates and nanoparticles.  This precipitate was then re-dispersed in 
toluene and centrifuged at 2000 rpm for 1 minute. At this point, size selective centrifugation 
results in the curved nanoplates precipitating out in the bottom of the vial and the nanoparticles 
remain behind in solution. The nanoplates in the precipitate were re-dispersed in fresh toluene 
for subsequent analysis. 
CHARACTERIZATION 
Transmission Electron Microscopy. For transmission electron microscopy (TEM) analysis, 
nanocrystals were precipitated from the reaction mixture and dissolved in toluene. TEM samples 
were prepared on 200 mesh carbon-coated copper grids (Ted Pella Inc.). TEM and Annular dark-
field scanning transmission electron microscopy (ADF-STEM) was conducted by using a 200kV 
JEOL JEM-2100F filed emission microscope, equipped with a Gatan Ultrascan CCD camera and 
EDAX Genesis EDS detector. Samples for EDX were prepared on carbon-coated nickel TEM 
grids. Displaced aperture dark-field (DF) images were acquired by removing the objective 
aperture and selectively allowing transmission of single diffraction spots. The tilt series was 
performed by tilting the single tilt holder to small increments in the positive and negative tilting 
directions.  
 
Scanning Electron Microscopy. High resolution scanning electron microscopy was performed 
on nanocrystals dropcast onto a Si (111) substrate and the analysis was conducted on a Hitachi 
SU-70 system operating between 3 and 20kV.  
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X-ray Diffraction Analysis. X-ray diffraction (XRD) analysis of drop-cast films of CIGSSe 
nanocrystals on a glass substrate was conducted using a PANalytical X’Pert PRO MRD 
instrument with a Cu Kα radiation source (λ = 1.5418 Å) and a 1-D X’celerator strip detector. 
 
X-ray Photoelectron Spectroscopy.  X-ray photoelectron spectroscopy (XPS) measurements of 
drop-cast films of CIGSSe nanoplates on glass substrates were carried out using a Kratos Axis 
165 Spectrometer. Samples were flooded with low energy electrons for efficient charge 
neutralization. Binding energies (BE) were determined using C 1s at 284.8 eV as charge 
reference.  
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SUPPORTING INFORMATION 
Additional details on HR-TEM analysis of an individual nanoplate, EDX line scans across 
different regions of the same nanoplate, XRD analysis of the CIGSSe nanoplates with a detailed 
list of each XRD line and their corresponding relative intensity values, d-spacings, and 
reflections, characterization of CIGSSe nanoparticles formed in parallel in the reaction, EDX 
analysis of a collection of CIGSSe nanoplates, XPS analysis of CIGSSe nanoplates, various BF-
TEM tilting series on different sized nanoplates showing the movement of the bend contours, 
SEM analysis of a region of nanoplates, TEM imaging of CIGSSe curved nanoplates formed 
with the use of TOPO and OLA as a solvent combination in the reaction flask, and a description 
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of the geometrical analysis which was used to provide information on the nanoplate curvature. 
This material is available free of charge via the Internet at http://pubs.acs.org. 
The authors declare no competing financial interest. 
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